Lipid self-assembled structures (SASs) have recently gained considerable interest for their potential applications, especially for sustained nutrient release and protein crystallization. An additional property, which is underexploited, is their ability to control chemical reactions in food products. Here, we concentrate on SASs formed by phospholipids (PLs) and monoglycerides (MGs), those compounds being the most natural surfactants and therefore, the best compatible with food products, in view of providing new functionalities through the formation of SASs. In this work, the phase behaviour of these amphiphiles when mixed with oil and water is described and compared. Subsequently, we address the influence of these structures to the oxidation and Maillard-type reactions. Finally, we show that SASs formed by MGs can strongly increase the yield of key aroma impact compounds generated by Maillard-type reactions when compared with the reaction performed in aqueous precursor solutions. Various SASs are compared. In particular, addition of oil to a reversed bicontinuous structure formed by MG leads to a reversed microemulsion, which, considering its low viscosity, is particularly suitable for food products and act as a very efficient reactor system. The influence of oil and precursors on phase behaviour is discussed and related to the efficiency of the Maillard reactions.
This article is part of the themed issue 'Soft interfacial materials: from fundamentals to formulation'.
Lipid self-assembled structures (a) Principle of formation of lipid self-assembled structures
Lipid SASs are typically formed when a surfactant, which is a molecule containing hydrophilic and lipophilic parts, is mixed with water and oil. When a surfactant is mixed with water, it will self-assemble into a defined arrangement placing the hydrophilic head towards the water domain while separating the hydrophobic tail away from the water phase or together with oil if present. The structures formed by this process are thermodynamically stable and form spontaneously. This formation, in theory, does not require complex processing and heating procedures. In practice, the surfactant may be crystalline and it might be necessary to melt it to ensure fast equilibration. In addition, the SAS formed can be very viscous. Those are usually liquid crystals and thus have a short range order comparable to liquid, but long range order comparable to solid, giving viscosity to the mixture. A typical example of such liquid crystals is the reversed bicontinuous cubic phase formed when mixing unsaturated MG with water. A simple and fast way to form this structure is to apply heat in order to obtain an isotropic fluid, which has a much lower viscosity and where water can be homogeneously mixed with the surfactant. Subsequently, the mixture needs to be cooled down to induce the formation of the liquid crystal SAS, which is stable at room temperature.
Depending, in part, on the lipophilic character of the emulsifier, multiple SASs can be formed. A simplified but extremely useful description of the relation between surfactant molecular shape and the type of structure, which is formed was given by Israelachvili et al. [31] and Tanford [32] , who defined the dimensionless surfactant packing parameter P.
where V is the molecular volume of the hydrophobic tail, l the molecular effective length of the hydrocarbon chain and a is the effective (or hydrated) cross-sectional area of the polar head group. When P is small (P 1), structures such as normal microemulsion, normal micellar cubic phase, hexagonal (Hi) and bicontinuous cubic phases are formed. If P is close to 1, a lamellar liquid crystalline (L α ) phase is present. If P is large (P 1), reverse SASs, such as reverse microemulsions, reverse micellar cubic phases and reverse hexagonal (H 2 ) or reversed bicontinuous cubic structures are formed. Note that, in general, addition of oil increases the effective volume of the hydrophobic tail leading to higher P (equation (2.1)) and thus favouring inverted structures having higher reversed curvatures. Self-assemblies contain submicrometre regions of various polarities that can host hydrophilic, amphiphilic and lipophilic molecules. For emulsifiers used in food such as lecithin and MG, the diameter of these regions is typically in the range of 10-50 Å. This unique structure can bring new functionalities as discussed in Introduction section. The link between structure and food benefits will also be exemplified in the part on reactivity control. In this work, we report on SAS formed by MG and lecithin, because both compounds are the most accepted emulsifiers in the food industry.
(b) Phase behaviour of monoglycerides
Unsaturated MGs are the ideal amphiphiles to form SASs because they can incorporate oily compounds such as triglycerides, alkanes, terpenes, lipophilic vitamins and can be dispersed in water to obtain stable submicrometre particles. In addition, their phase behaviour is relatively insensitive to slight changes in composition. For example, pure MG, commercial MG and MG with oleic acid as main fatty acid or with linoleic acid as main fatty acid display the same sequence of phases when water content and temperature are varied even though the transitions between phases do not appear exactly at the same region of the binary phase diagram [33] [34] [35] . This is not the case for lecithin where the phase behaviour properties depend drastically on the source and on the ratio between phosphatidylcholine (PC) and phosphatidylethanolamine (PE) as will be explained later. The unique properties of unsaturated MG has raised interest for their use in nutrient-controlled release, as bioavailability enhancers and in protein crystallization.
(i) Monoglyceride-water phase behaviour Figure 1 shows a typical binary phase diagram of unsaturated MG-water, a commercially available food grade MG. The phase sequence at room temperature when increasing water content is as follows: lamellar crystalline phase (L c ) in coexistence with a L 2 phase (also called reversed microemulsion), lamellar liquid crystalline phase (L α ) and inverted bicontinuous cubic phase. This last phase is of critical importance in the phase diagram, because it is present at room temperature and when MGs are in excess water, which are parameters of interest for food products. It is noteworthy that three types of cubic phases are reported: the diamond type (space group symmetry Pn-3m), which is present in excess of water, the gyroid type (Ia-3d), which is observed for a lower amount of water and finally the primitive type (Im-3m), which appears upon addition of certain phase modifiers (see §2b(ii)). Interestingly, applying heat to the inverted bicontinuous cubic phase leads to its transition to a reversed hexagonal phase, followed by a L 2 phase. All these mesophases are in thermodynamic equilibrium under given physico-chemical conditions (e.g. temperature, water content, pH), unless surfactant molecules react with the environment, which leads to a degradation of these structures. As mentioned before, a remarkable property of MG is that no phase sequence alteration is observed between going from a pure emulsifier (e.g. glycerol monooleate or glycerol monolinoleate) to a commercial emulsifier, which contains a large variety of fatty acids [33] [34] [35] . The composition of these fatty acids may vary, but it usually contains oleic and linoleic acid as major components, and less than 20% stearic and palmitic acid, in addition to diglycerides and free fatty acids as minor components.
(ii) Monoglyceride-guest-molecule phase behaviour
Several molecules can be incorporated to MG SASs without creating phase separation although a variety of guest molecules can induce a phase transition. Addition of molecules displaying higher lipophilicity than MG such as triglycerides, diglycerides, alkane (e.g. tetradecane), limonene and lipophilic vitamins induces the formation of reversed hexagonal phase and reversed microemulsion (L 2 phase) [6, 36] . Figure 2 shows the ternary phase diagram of unsaturated MGvitamin E acetate-water obtained at room temperature. The reversed microemulsion occupies a large place in the phase diagram. It can be seen as an oil, which is structured by reversed micelles and these assemblies being part of the reversed microemulsion. It should be noted that for certain molecules such as vitamin E (non-acetate form), tetradecane and limonene, an additional reversed micellar cubic phase is observed in the phase diagram between the reversed hexagonal and the reversed microemulsion phase. Additionally, no phase separation between MG and vitamin E acetate is observed, whereas an old phase diagram reported phase separation between monoolein and sunflower oil when the ratio oil: (oil + MG) was higher than about 50% [6] . In the literature, various oils, such as limonene and alkanes were added to the MG water system, and no phase separation was reported [9, 36, 37] . However, the ratio oil: (oil + MG) may have been too low to observe this phenomenon. Therefore, more work is necessary to confirm this observation and to get a better understanding of the phase separation occurring in these conditions. We described above the addition of lipophilic compound to the MG-water system. Adding more hydrophilic components leads to a completely different phase behaviour [38] • C. Progressive addition of the lipophilic vitamin to the binary monoglyceride-water (in excess) leads to the following phase sequence: cubic (space group symmetry Pn-3 m → reversed hexagonal (H 2 ) → reversed microemulsion (L 2 ). Adapted with permission from [36] . Copyright (2013) American Chemical Society.
of more polar molecules (compared with MG) such as polyglycerol ester, PC to the system MG in excess water leads to an increase of the water solubilization capacity of the reversed cubic structure [39, 40] . Addition of 1,2-dioleoyl-sn-glycero-3-phospho(10-rac-glycerol) (DOPG) or 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) transformed the diamond to the primitive one (space group symmetry Im-3m) with a lattice parameter which can be as high as 50 nm, which offers large possibilities for active molecule encapsulation. The charge present in the phospholipid is largely responsible for the high swelling [41, 42] . Addition of 10 mol% DPG transforms the cubic structure to the lamellar liquid crystalline one [42] . Applications of lamellar phases will be discussed later on. The presence of hydrophilic mono-, oligo-and polysaccharides in the water domains of liquid crystalline phases induces more negative curvature and reduction of the water domain size and lattice parameter [43] . The temperature of the transition from reversed bicontinous cubic to reversed hexagonal (H 2 ) and from H 2 to L 2 are also lowered [44] . This was attributed to the capacity of sugar to pump water molecules and to compete with water hydration of the MG polar head, which reduces the negative curvature.
(c) Phase behaviour of phospholipids (i) PL-water phase behaviour
In terms of phase behaviour, PLs are very different from MG. When added to excess water, most PLs, including the most ubiquitous one, PC, form lamellar liquid crystalline phase [45] . This structure is related to the function of PLs in forming cell membranes, whose role is to compartmentalize the cell while ensuring nutrient traffic between the inner and outer part of the cells. PC gives rise to a structural transition with increasing temperature. At low temperature, the lipophilic tails are crystallized inducing an L β phase, whereas at higher temperature, the tails liquefy involving the formation of a lamellar liquid crystalline phase (L α ) [45] . PE displays a different phase behaviour from PC in the presence of water. The presence of PE stabilizes the hexagonal phase (H 2 ) [46] . In particular, for unsaturated lipophilic chains, this phase can be present at room temperature. This is the case for dioleoyl PE (DOPE), which forms, at room temperature and in excess water, the Hii phase [47, 48] .
Epikuron 200 (Cargill) has been very much studied in literature. It contains about 98% PC, making it easy to control because of its purity. However, the drawback of this ingredient is associated with its high price, and the fact that it is not food grade. Food grade lecithin emulsifiers contain a mixture of PC and PE as well as other minor components such as phosphatidylserine (PS), diglycerides, MG and glycolipids and may contain high amount of triglycerides. To the best of our knowledge, a detailed understanding of their phase behaviour is missing and in particular the precise influence of addition of PE to PC in excess of water and in the presence of oil. As mentioned before, DOPE forms hexagonal phase and therefore has very different behaviour than PC, which forms lamellar liquid crystalline phase at room temperature.
(ii) PL-oil phase behaviour
The phase behaviour of PL-oil-water differs strongly from the one of MG-oil-water because it strongly depends on the source of PL or lecithin. In addition, the type of added oil can drastically modify its phase behaviour. Figure 3 shows the phase behaviour of PC-soya bean oil-water [45] . It is our own experience that the phase behaviour is very similar when soya bean oil is replaced by other vegetable oils such as sunflower or olive oil. The most striking point is that in presence of PC, water and oil, a phase separation is observed between oil and the lamellar phase formed by the PC when the ratio oil: (oil + PL) is higher than 15%. It was reported that, in general, triglycerides are more difficult to incorporate into SASs than other oils [49] .
Nevertheless, we also have observed this phase separation with other oils such as vitamin esters (e.g. tocopherol acetate, retinol acetate and palmitate). As discussed before, phase separation may occur with MG when the ratio oil: (MG + oil) is higher than 50% and in most studies, no phase separation between oil and MG was reported. Therefore, PC is much more prone to phase separation in the presence of oil than MG. With PC, however, no phase separation is observed when vitamin E, alkanes (e.g. tetradecane and cyclohexane) or limonene are used [7, 10, 50, 51] . Indeed, addition of increasing amount of these oils to PC leads to the following phase behaviour in excess of water: lamellar liquid crystalline phase (L α ) → reversed hexagonal → reversed micellar cubic → reversed microemulsion (L 2 ). This change is outlined in the phase diagram of figure 4 where cyclohexane is the oil. For this lipophilic compound, the phase sequence is similar to the one observed when adding oil to monoolein or monolinolein in excess of water except that for PC, the starting structure is L α , whereas for the unsaturated MG, it is an inverted bicontinuous cubic structure.
The reason for which some oils lead to phase separation and others do not, remains unclear. However, some hypotheses have been proposed. First, it has been postulated that no separation was observed when the added molecule was small enough to integrate the PL tails [1] . This 0.8 Figure 4 . Ternary phase diagram of PC-cyclohexane-water. Progressive addition of the oil (cyclohexane) to the phospholipids (PC), in excess of water, leads to the sequential appearance of the lamellar liquid crystalline phase (L α ), the reversed hexagonal phase (H 2 ), the reversed micellar cubic phase (I 2 ) and finally the reversed microemulsion (L 2 ). It is noteworthy that no phase separation between the oil and the phospholipids is observed, indicating that the phase formed includes both oil and phospholipids. Note that the same phases are observed with food grade oil-like tocopherol or limonene. N 2 refers to a reverse nematic phase. Adapted with permission from [7] . Copyright (2000) American Chemical Society.
is the case for alkane molecules or for small terpenes such as limonene. Second, a molecule containing a polar group with oxygen bond donor capacity may interact with the PC head and water. This is the case for vitamin E, which contains a hydroxyl group. Interestingly, we observed that vitamin E acetate, which is similar to vitamin E but less polar, leads to phase separation. Triglyceride is too large to be integrated between the lipophilic tails and therefore also leads to phase separation.
When the phase behaviours of MG and PL in the presence of oil are compared, two points can be noted. First, less phase separation has been observed when using MG. Second, lipophilic molecules (e.g. alkanes, limonene and vitamin E) which can be integrated in PC SASs can also lead to the presence of micellar cubic structure in the system MG-oil-water. Oily compounds (e.g. triglyceride and vitamin E acetate) which result in phase separation with PL are the ones where no micellar cubic phase has been reported in the system MG-oil-water. It is therefore likely that the same prerequisite is needed for the formation of the micellar cubic phase in the system MG-oil-water as for oil integration in PC-oil-water SASs.
3. Link between a specific self-assembled structure and functionality
In the previous sections, we described the phase behaviour of MG and PC when mixed with other components. It was shown that one can control the formation of a specific phase. We now describe briefly how the use of a specific SAS can bring advantages for a given application. As mentioned in the Introduction, SASs are largely used for sustained release of drugs, nutrients and aromas [52] [53] [54] [55] [56] . For release of glucose and the antiseptic proflavine, it was found that kinetics of release increases when changing from a reversed bicontinuous cubic phase to a lamellar liquid crystalline phase, then to a reversed hexagonal phase (H 2 ) and finally, the reversed micellar cubic phase leads to the more sustained release [53] . This effect was attributed to the dimension of the water domain.
The structure which is probably the least described among the SASs based on MG and PL is the reversed microemulsion. However, owing to its low viscosity and the fact that food systems contain not only surfactants but also oils, but this phase is also probably the most [15] . Hoppel et al. [12] did in vitro experiment to study the permeation through the skin of the anti-inflammatory molecule, diclofenac sodium. This drug was solubilized in particles having various SASs. The maximum permeation through the skin was observed for the reverse microemulsion, followed by the reversed micellar structure, the reversed hexagonal and finally, the reversed bicontinuous cubic phase leads to the least permeation [12] .
As we will see, the reverse microemulsion phase has also large applications for reactivity control.
Influence of self-assembled structures on reactivity control
As mentioned in §3, there is a strong interest for using SASs formed by MG and lecithin for the controlled release of bioactives or for bioavailability enhancement. Nevertheless, from an industrial perspective, an underexploited property of these compounds is their ability to control chemical reactions. It was widely reported in other fields that these colloidal aggregates can influence reactivity. SASs and in particular micelles are used for chemical reactions in the field of green or organic chemistry [57] . Reversed micelles are also often used to synthetize nanoparticles. LiMn 2 O 4 and LiNi 0.5 Mn1.5O 4 nanoparticles for lithium batteries were synthetized using reversed micelles stabilized by Span 80 [58] . The product could be formed at the water/oil interface resulting in small particles.
Synthesis of β-ketosulfones was obtained using oil in water micelles formed by DL-α-tocopherol methoxypolyethylene glycol succinate (TPGS-750M). β-Ketosulfones are known to have fungicidal and antibacterial properties. They are formed by a radical reaction between arylacetylene and a stoichiometric amount of sulfinic acid. Oxygen is involved in this radical reaction and acts as a reaction accelerator when its concentration is substantially higher in the micelle than in water [59] .
There are two examples reported in the literature concerning the role of SASs for food applications; those concern micelles and their influence on triglyceride oxidation as well as SASs to increase the yield of Maillard-type reactions. In the following sections, we will review the knowledge on these two types of reactions and report new results.
(a) Influence of self-assembled structures on triglyceride oxidation It has been recently recognized that association colloids and in particular reversed micelles play a fundamental role in bulk triglyceride oxidation [30, 60] . To the best of our knowledge, only SASs formed by lecithin were considered to be involved in oxidation process. It was found that reversed micelles formed by PC, PE and their combination have a pro-oxidant effect. Nevertheless, in combination with other oxidation active ingredients, they can become antioxidants. For example, dioleoyl phosphatidylcholine DOPC micelles were found to be pro-oxidants [61] , but no effect of DOPC was found for concentration below its critical micellar concentration (CMC) indicating that reversed micelles were responsible for the pro-oxidant activity of DOPC. At low alpha-tocopherol or Trolox concentrations (10 mM), reversed micelles made of DOPC increase antioxidants effect, but DOPC-reversed micelles become pro-oxidant at high concentrations (100 mM) [62] . Importantly, presence of reversed micelles can influence oxidation, because they can solubilize polar radical and peroxide (e.g. hydroperoxide), pro-oxidant (e.g. iron) as well as polar antioxidants such as Trolox or ascorbyl palmitate.
Dioleoyl phosphoethanolamine (DOPE) was also found to be pro-oxidant above its CMC [63] and not below. Nevertheless, DOPE shows a strong antioxidant effect in the presence of alpha tocopherol below and above the CMC and at all concentrations studied. This was attributed to a chemical regeneration of alpha tocopherol by the amine group of DOPE [64, 65] . Therefore, oxidation is very likely influenced by physical structures such as reversed micelles and chemical phenomena. In oil in water emulsion, presence of normal micelles in water also influences oxidation of unsaturated triglycerides [66] [67] [68] [69] . In the study of Richard et al. and Nuchi et al. [68, 69] , the micelles studied were obtained using Brij 76 and not PLs. In that case, the presence of micelles retards oxidation. As mentioned before, the role of micelles can be in the solubilization of oxidation intermediate products, iron and antioxidants. In the case of PLs, it is likely that vesicles are formed when oil in water emulsion are present, and not micelles. Vesicles may have a similar role to micelles. It is important to stress the precise mechanism by which SASs control oxidation is not understood and that variation in process and composition can transform the role of SAS from antioxidant to pro-oxidant and vice versa.
Systematic correlation between MG SASs and triglyceride oxidation has not been reported yet. Nevertheless, it was found that MGs can display pro-or antioxidant properties [70] [71] [72] [73] . These results are similar to what is observed for PLs, but additional work is needed to understand the origin of these effects and in particular the putative correlation with the presence of MG SASs.
(b) Formation of lipid-derived flavour compounds in phospholipid self-assembled structures
Lin et al. [74] have studied the role of molecular organization in heated aqueous dispersions of egg PC and egg PE with respect to the formation of key odorants by lipid oxidation. Evidence was found for the crucial role of SASs adopted by phospholipid molecules on the quantitative composition of volatile constituents, such as aldehydes and vinyl ketones. Addition of PE to PC drastically decreased the amount of (E,E)-2,4-decadienal formed, which could neither be explained by the differences in the fatty acid composition of PC and PE nor by the free amino group in PE as replacing PE by phosphatidic acid distearylester also reduced the amounts of (E,E)-2,4-decadienal. It has been suggested that the type of SAS adopted by phospholipids in aqueous media significantly influences the reaction yields and may be considered as an important factor in lipid oxidation in food. Depending on the PE : PC ratio, a lamellar liquid crystalline phase or a reversed hexagonal phase can be obtained ( figure 5 ). However, the mechanisms leading to the preferred formation of PL-derived odorants in a lamellar phase, when compared with the reversed hexagonal phase, remain unknown. Additional work is required to elucidate the mechanisms explaining the differences observed in thermally induced odorant formation in phospholipid self-assembly structures.
(c) Influence of self-assembled structures on Maillard-type reactions
It has been demonstrated that Maillard-type reactions shows a higher yield when performed in SASs. Vauthey et al. [28] used reversed micelles and a reversed bicontinuous cubic phase as media for Maillard-type reactions at 100 • C. The micelles were produced by mixing 80% of unsaturated MG (Dimodan U) and 20% water, whereas the cubic phase was made by mixing 80% of saturated MG (Dimodan HR containing mainly stearic acid as fatty acid) and 20% water. The reaction between L-cysteine and furfural induced the formation of 2-furfurylthiol (FFT) at high yield in the SASs. Indeed, the production of FFT was about five times higher in reversed micelles than in the aqueous phase and about seven times higher in the cubic phase than in water. More recently, Blank et al. [76] used other SASs to perform Maillard-type reactions at 70 • C. To obtain various mesophases, 80% lipid, consisting of a mixture of saturated and unsaturated MG and 20% water were used. According to the phase diagram of figure 6 , modulation of the ratio between saturated and unsaturated MG was used to obtain a given mesophase. The lamellar phase was obtained using only saturated MG while reversed bicontinuous cubic phase was obtained using 50% of saturated and 50% unsaturated MG.
The Maillard reaction was induced via two precursors systems: xylose/glycine and xylose/leucine, respectively. The reactant xylose and the product norfuraneol were used as Cubic is related to, the inverse bicontinuous cubic phase and L 2 refers to the inverse microemulsion. Note that the range of temperature where the inverse bicontinous phase is present can be modulated by the ratio between the two monoglycerides. Sample processing was done following the procedure used by de Campo et al. [34] . Analysis of the phase was done using polarized light, polarized light microscopy and analysing if the sample flows under gravity. This last method enabled to discriminate the cubic and L 2 phase, the latter displays no signal under polarized light.
markers for the Maillard reaction. After 7 h of incubation, xylose and norfuraneol (4-hydroxy-5-methyl-3(2H)-furanone) concentrations were respectively lower and higher in the SASs than in the aqueous buffer ( figure 7) . In particular, a 1.7-and 3-fold increase in norfuraneol level was observed in reverse hexagonal compared with the aqueous phase, using xylose/leucine and xylose/glycine, respectively. This confirmed better efficiency of the Maillard reaction in SASs.
A limitation of the previous work is related to the high viscosity of the SASs formed at room temperature making them difficult to introduce in food products as well as an off-taste generated by the high amount of MGs. In this study, we use vegetable oil to transform the reversed bicontinuous cubic phase to the reversed microemulsion (oil media containing reversed 
Material and method (a) Materials
The following materials were used: 
(b) Pre-reaction in phosphate buffer
A solution of cysteine (6.46 g) and xylose (24 g) in sodium phosphate buffer (79.54 g; 0.2 mol l −1 ; pH 5.5) was dispatched (to 5 ml) into silanized 20 ml crimp cap vials (Chromacol) and heated in a silicone bath at 95 • C. At defined time intervals, two vials were taken out of the silicone bath and internal standards were added (5.53 μg [ 2 H 2 ]-FFT in 50 μl pentane and 14.6 μg [ 2 H 3 ]-MFT in 50 μl pentane) into each vial. The vials were agitated with a vortex and after cooling down to room temperature they were stored overnight in a refrigerator. The following day they were analysed by gas chromatography-mass spectrometry.
(c) Pre-reaction in bulk mesophase containing Dimodan U and phosphate buffer
A solution of cysteine (1.62 g) and xylose (6.0 g) in sodium phosphate buffer (17.38 g; 0.2 mol l −1 ; pH 5.5) was dispatched (to 1 ml) into silanized 20 ml crimp cap vials (Chromacol) containing Dimodan U (4 g). To form a mesophase, the vials were first heated in a silicone bath at 95 • C till the reaction system became liquid and then they were intensively vortexed. The vials were then heated at 95 • C for up to 6 h. During heating, the vials were agitated with a vortex every 60 min. Every hour, two vials were taken out of the silicone bath, and internal standards were added (5.53 μg [ 2 H 2 ]-FFT in 50 μl pentane and 14.6 μg [ 2 H 3 ]-MFT in 50 μl pentane) into each vial. The vials were heated for another 3 min and then agitated with a vortex. After cooling down to room temperature, the vials were stored overnight in a refrigerator and analysed by gas chromatography-mass spectrometry on the following day.
(d) Pre-reaction in bulk mesophase containing soya bean oil, Dimodan U and phosphate buffer A solution of cysteine (1.62 g) and xylose (6.0 g) in sodium phosphate buffer (17.38 g; 0.2 mol l −1 ; pH 5.5) was dispatched (to 0.75 g) into 20 ml crimp cap vials (Chromacol) containing Dimodan U (2.82 g) and soya bean oil (1.41 g). To form a mesophase, the vials were first heated in a silicone bath at 95 • C till the reaction system became liquid and then they were intensively vortexed. The vials were then heated at 95 • C for a defined period of time. During heating, the vials were agitated with a vortex every 60 min. At defined time intervals, two vials were taken out of the silicone bath and internal standards were added (5.53 μg [ 2 H 2 ]-FFT in 50 μl pentane and 14.6 μg [ 2 H 3 ]-MFT in 50 μl pentane) into each vial. The vials were heated for another 5 min and then agitated with a vortex. After cooling down to room temperature, the vials were stored overnight in a refrigerator and analysed by gas chromatography-mass spectrometry on next day.
(e) Analysis of Maillard reaction products
The quantification of 2-methyl-3-furanthiol (MFT) and 2-furfurylthiol (FFT) was performed by headspace solid phase microextraction in combination with gas chromatography coupled to mass spectrometry (HS-SPME-GC-MS). After at least 1 h equilibration at 20 • C, the fibre [polydimethylsiloxane-divinylbenzene (PDMS-DVB), film thickness = 65 μm, Supelco) was exposed for 30 min at 20 • C to the headspace above the sample in the glass vial without agitation. After sampling, the SPME fibre was placed for 5 min in the GC injector, equipped with a 0. 75 (f) Small-angle X-ray scattering analysis
Small-angle X-ray scattering (SAXS) measurements were used to identify the symmetry of the mesophases, to determine the lattice parameters of the liquid crystalline structures, and, therefore, to follow the swelling process. SAXS diffractograms were acquired using a Bruker microfocused X-ray source of wavelength λ = 1.54 Å operating at 50 kV and 1 mA. Diffracted X-rays signal was collected on a gas filled two-dimensional detector. The scattering vector q = (4π/λ) sin θ, with 2θ the scattering angle, was calibrated using silver behenate. The q-range was assessed to be in the range from 0.004 to 0.5 Å −1 . Data were collected and azimuthally averaged using the Saxsgui software to yield one-dimensional intensity versus scattering vector q. Samples were loaded in the Linkam hot-stage between two thin mica sheets and sealed by an O-ring, with a sample thickness of ca 1 mm. Measurements were performed at 25 • C, 75 • C and 95 • C. Samples were equilibrated for 30 min prior to measurements, whereas scattered intensity was collected over 1.5 h.
Results
The Maillard reaction between pentoses (e.g. ribose or xylose) and cysteine has been extensively studied in the past in order to better understand the formation of meat flavours [77] [78] [79] [80] [81] [82] [83] [84] . It has been shown that among the different odorants generated, thiols such as 2-methyl-3-furanthiol (MFT), 2-furfurylthiol (FFT) and 3-mercapto-2-pentanone belong to the most potent ones [79] . As these thiols were reported to significantly contribute to the flavour of cooked meat and meat flavourings [85] [86] [87] , there is an interest to improve the yield of such odorants from their corresponding precursors. The formation of MFT and FFT from xylose and cysteine was therefore studied in three different reaction media: (i) in bulk mesophase containing Dimodan U (57%), soya bean oil (28%) and phosphate buffer (15%), (ii) in bulk mesophase containing Dimodan U (80%) and phosphate buffer (20%), and (iii) in phosphate buffer. The ratio of 3 : 1 Xyl/Cys was used based on previous studies [79, 83] . Pre-reaction was performed at 95 • C. This temperature ensures sufficient reactivity of xylose with cysteine, while avoiding the use of pressurized equipment. Figure 10 . SAXS of self-assembled structures with oil for samples containing pure water and precursor solution. Note that the precursors shift the characteristic peak to the right.
Figures 9 and 10 show the influence of precursors and buffer addition on the SAXS curve. This addition leads to shift of the peaks towards a higher value of q and therefore towards more negative curvature. This result is in agreement with the influence of sugar, which competes with the polar head for water binding leading to larger negative curvature and smaller micelles as explained in §2b(ii). We will now describe the result concerning Maillard reaction yield and link them to the SASs.
After 6 h at 95 • C, the yield of MFT and FFT was significantly enhanced in both mesophases when compared with aqueous solution ( figure 11 ). The concentration of MFT and FFT reached higher values in the mesophase containing soya bean oil, during the whole period of heating. This is exemplified by the yield of MFT in reversed microemulsion containing soya bean oil after 2 h at 95 • C, which is double (36.7 μmol mol −1 of xylose) compared with the reversed microemulsion containing no oil (16.3 μmol mol −1 of xylose) and about 60 times higher compared with phosphate buffer (0.6 μmol mol −1 of xylose).
The highest yield of MFT and FFT was obtained in the SASs containing soya bean oil ( figure 11 ). This indicates that the addition of soya bean oil before the pre-reaction is not only of interest from a technological point of view, because phases containing oil are easier to handle when compared with SASs containing no oil, but also for the efficiency of the Maillard reaction.
The yield of FFT increased continuously during the whole period of heating in all reaction media (figure 11a). However, the yield of MFT only increased in phosphate buffer. In bulk reversed microemulsion, the synthesis of MFT started to decline after 5 h (figure 11b). We postulated that this is linked to reactivity of MFT which can enter in different degradation reactions, considering the complexity and wide variety of products arising during Maillard reaction.
Several hypotheses may explain increased Maillard reaction yield observed in SASs. In such structures, three domains of submicrometres size are present: the aqueous, the amphiphilic and • C and as a function of time. Note that production of FFT and MFT is higher in self-assembled structures compared to buffer and it reaches highest yield when the self-assembled structures contain oil. Bulk mesophase w/ oil corresponds to figure 8 and bulk mesophase with oil corresponds to figure 9 .
the lipophilic domain, respectively. A given molecule is preferably dissolved in a particular domain and may display a specific orientation within this domain. When two molecules are located in the same domain (e.g. amphiphilic domain), their concentration is higher thus increasing the probability of reacting with each other. On the other hand, a molecule in the aqueous domain is unlikely to react with a molecule in the lipid domain ( figure 12 ).
Therefore, this domain fragmentation favours certain reactions while inhibiting others. For Maillard reactions involving cysteine and glucose, reactants are hydrophilic, whereas products are more lipophilic. In particular, FFT and MFT are very lipophilic. Thus, this type of chemical reactions in SASs may lead to high yields considering that product concentration in water will remain low, because FFT and MFT will move in the lipophilic domain when generated. Therefore, the extraction displaces the reaction equilibrium and the synthesis proceeds until reactants almost disappear. Furthermore, the localization of FFT and MFT in the lipid domain may protect them against degradation in the aqueous media.
Those mechanisms are in agreement with observed results because they explain why the yield of lipophilic products from hydrophilic reactants may be higher in SASs. It also explains why oil may be beneficial. Its addition will increase the size and the lipophilic character of the oil domain, increasing the solubility of lipophilic products and probably isolating them from the water domain.
Outlook
In this work, we showed that SASs represent a very efficient and promising tool to modulate chemical reactivity. This study opens up avenues to further unravel the new role of SASs to increase reaction yields in food systems, considering that these colloidal associations were so mostly used for sustained release.
There are also a number of studies on systems with excess of water and dispersion of selfassembled structures. Those in general contain no or little oil. In real food systems, the quantity of triglyceride is most often larger than the quantity of surfactants. In these conditions, little is known about the phase behaviour and potential separation between the oil and the amphiphilic molecules. In addition, food grade lecithin phase behaviour when mixed with oil is completely unknown. Therefore, there is a need to decipher complex phase behaviour of food grade lecithins when they are mixed with oil and water. This is of particular interest for oxidation and could also be used for the control of Maillard reaction.
Conclusion
SASs formed by lecithin and MG can be used to control chemical reactions in food. Recent studies show that reversed micelles control the oxidation of oil. In addition, Maillard reaction yield of key aromas can be strongly increased when using SASs. Considering the fact that food systems contain oil, it is of prime interest to master the phase behaviour of the system surfactant (PL or MG), triglyceride and water. The literature concentrates mainly on the binary surfactant/water system, but there is a lack of information on a system including triglycerides. In this study, it was shown that addition of triglycerides in the MG water system is very advantageous for the Maillard reaction, because the phase obtained at room temperature is of low viscosity, which is much easier for processing. In addition, presence of oil leads to higher product yields. Competing interests. The authors declare that they have no competing interests. Funding. We received no funding for this study.
